Temperature cracks commonly occur during mass concrete construction. Research shows that changes in temperature and peripheral constraints mainly cause crack formation in concrete. Engineers who lack experience often build structures prone to concrete cracks. Dams built in the high-altitude areas of Tibet are examples of such structure. Climatic conditions, such as large temperature variation and strong solar radiation, disrupt temperature control and crack prevention in concrete. In this study, we explored the measures for temperature control and crack prevention that are suitable for concrete structures, especially those built in high-altitude areas with large temperature variation and strong constraint zones. The study was performed in a steep slope dam section and stilling basin in Tibet. The finite element method was used to guide the engineering construction in the area. These methods could be applied to the construction of similar projects in other high-altitude areas.
Foreword
Mass concrete has been extensively used in various infrastructure projects, such as water conservancy and hydropower projects, bridges, ports, and concrete dams. However, crack formation in these infrastructures remains to be a persistent problem. [1] [2] [3] Since the 1930s, a set of theoretical systems for temperature control and crack prevention has been developed, along with several measures against crack formation in concrete; these measures include improving the crack resistance of concrete, blocking of concrete dams, pipe cooling, and preserving surface heat. [4] [5] [6] [7] However, no dam at home and abroad is free from crack, and such condition severely affects the durability and safety of structures. Engineering experience indicates that the difficulty in avoiding cracks is due to insufficient understanding of the mechanism of crack formation, the randomness of hydrometeorological conditions, and the failure of material parameters in reflecting actual engineering conditions; in addition, crack formation occurs because of the absence of timely and reasonable measures for temperature control that are tailored to the actual conditions of specific projects. [8] [9] [10] [11] [12] [13] Therefore, in the current condition in which a major breakthrough in the theory of temperature control is difficult to achieve, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] crack prevention should still be focused on the selection of timely and reasonable measures for temperature control.
The large-scale water resource development center in China has shifted their focus to high-altitude areas such as Sichuan and Tibet, where water resources are abundant and the development value is high but climatic conditions are complex, particularly featuring dry climate, large diurnal range of temperature, low average temperature, and strong solar radiation. [25] [26] [27] These conditions render temperature control and crack prevention in projects difficult. As for the structures of steep slope dam sections and stilling basins, the strong constraints from the foundation are evident because of the special structural characteristics and location. Therefore, concrete construction in high-altitude areas faces great pressure in the prevention of crack formation. In the current work, we investigated the measures for temperature control and crack prevention, which are suitable for concrete construction in high-altitude areas with large temperature variation and strong constraint zones. The study was conducted in the context of a steep slope dam section and stilling basin in Tibet. The finite element method was utilized to guide engineering construction. The selected dam belongs to the steep slope section. By increasing the height of its simultaneous cooling zone (SCZ), controlling the water pipe cooling mode, and coordinating water flow time, the mutual constraints and shrinkage deformation of concrete can be reduced. Consequently, dam stress and cracking risk are minimized. Satisfactory results were obtained during dam construction. The proposed measures provide direction to the construction of similar projects in high-altitude areas.
Theory of numerical calculation

Finite element method of temperature field
At any point in the calculation field R, the unstable temperature field T (x, y, z, t) must satisfy the following continuous thermal conduction equation
where T is the temperature of concrete (°C), a is the temperature conduction factor (m 2
Áh
21
), u is the adiabatic temperature rise (°C), t is the age (day), and t is the time (day).
Using the variational principle as basis, the solution to the unstable temperature field differential control equation (1) under definite conditions is equivalent to the following functional extremum I(T )
The region R is discretized into a finite number of elements. At any point in each element, the temperature interpolation formula is
After substituting equation (3) into equation (2), the functional extreme conditions dI=dT = 0 can be used to obtain the recursive equation set for solving the temperature field; when the backward difference scheme for time coordinates is used, we obtain
where
Finite element method of stress field
Stress increments of concrete under a complex stress state include the elastic stress increment, creep stress increment, temperature and stress increment, dry shrinkage stress increment, and self-grown volume stress increment. Thus, we obtain
where fDe e n g is the concrete elastic strain increment, fDe c n g is the creep strain increment, fDe T n g is the temperature strain increment, fDe s n g is the drying and shrinkage strain increment, and fDe 0 n g is the self-grown volume strain increment.
Concrete temperature strain increment fDe T n g is obtained by calculating the unsteady temperature field. After obtaining the temperature field, we may use the following equation
where a is the thermal expansion coefficient of concrete and DT n is the temperature difference. The concrete drying and shrinkage strain increment fDe s n g is calculated using the following equation At any time Dt i , we can obtain the following physical equation in incremental form
By employing a physical equation, geometric equation, and equilibrium equation, we can obtain the finite element control equation at any time section Dt i in area R i
where fDd i g is the displacement increment of all nodes in the R i concrete area in three directions, fDP G i g is the equivalent node force increment caused by external load at time section Dt i as the equivalent node force increment caused by temperature change, fDP S i g is the equivalent node force increment caused by drying and shrinkage, and fDP 0 i g is the equivalent node force increment caused by self-grown volume deformation. By using the above equations, we can obtain the displacement increment Dd i at any time section Dt i . By following the equation, we can obtain the stress increment of each element in Dt i
We can obtain the displacement field and stress field at any time by accumulating the displacement increment and stress increment in each time section
Ds j ð18Þ
Formation mechanism and contributing factors of mass concrete cracks
Formation mechanism of cracks
The causes of crack formation in concrete structures are complex. Material characteristics are the main internal factors of cracks, and the quality of construction, external environment temperature, and measures for temperature control are closely related to cracks. Immediately after the pouring of concrete, the temperature of concrete rises due to the hydration reaction of cement. As a result of the effect of environmental temperature, the surface temperature of the structure is low, whereas the internal temperature is high. This condition results in variations of the internal and external temperature and temperature gradient. Interactive constraints subsequently occur in concrete. Therefore, a large temperature gradient equates to ease of crack formation. This phenomenon is particularly evident in high-altitude areas with large temperature variations. During the cooling stage, cracks easily form because the temperature drops. The shrinkage of concrete is subjected to the strong constraints from within the concrete, the upper and lower layers of concrete, and the foundation. Cracks generally form in the middle section inside a structure.
Research shows that when concrete temperature rapidly changes, the temperature difference is high, and the temperature drops sharply, the constraints that concrete is subjected are strong, and cracks easily form. Therefore, the measures for temperature control should be able to control the highest temperature, reduce the temperature difference, coordinate deformation, and reduce constraints, particularly for the structure of steep slope dams and stilling basins, which are subjected to strong constraints.
Measures for temperature control and crack prevention
Under the precondition that material characteristics, construction quality, and the factors of the external environment are increasingly difficult to control, improving the measures and standards for temperature control and crack prevention is essential. In highaltitude areas with dry climate, large diurnal range of temperature, low average temperature, and strong solar radiation, the measures for temperature control must be tested to ensure that they are timely and reasonable.
Surface heat preservation is an important measure for temperature control and crack prevention. The selection of insulation materials, insulation thickness, time to start heat preservation, and duration are all particularly important.
The principle of water pipe cooling is to furnish the cooling pipes inside the concrete to dissipate heat from hydration via the running cooling water. 1, 4, 5 Pipe cooling can reduce the temperature difference between the internal and external sections of a structure and the temperature gradient, prevent surface crack formation at the early stage with an evident ''reducing difference'' effect, decrease the maximum temperature of the concrete, reduce the range of temperature drop, and prevent crack formation with a remarkable ''cutting peak'' effect. The double effect of ''reducing difference'' and ''cutting peak'' exceeds that of other measures, and the effect on crack prevention is apparent.
Further research shows that the objective to reduce mutual constraints and temperature stress can be realized through the unified management of all cooling pipes in a project, reasonable control of water cooling time and flow, coordination of cooling at various concrete layers, and further control of the cooling rate.
Numerical calculation model
Calculation model
A gravity dam is composed of multiple dam sections. This setup enables the dam to bear stress alone and maintain its balance by its own gravity. In this study, a steep slope dam section was selected as the research target. Considering a given range of foundations, we then established a three-dimensional (3D) structural model. Given that concrete is assumed to be a continuous homogeneous isotropic material, a 3D finite element method was adopted. The element was a hexahedral isoparametric element. Figure 1 
Boundary conditions
During temperature field calculation, the upstream face of the dam is the third-class boundary before water storage and the first one after water storage; the downstream face is the third class. The result with sun radiation considered is shown in Figure 3(a) .
During stress field calculation, the rock bottom is constrained in all three directions, and each side of the bedrock is constrained in a single direction; no constraint exists on top of the bedrock and dam (Figure 3(b) ).
The boundary conditions for the temperature and stress calculation of the stilling basin model are the same as those of the dam (Figure 4 ).
Positions of characteristic points
The amount of resultant data of the finite element method is huge, and the node for each moment generates its own calculation result. To further illustrate the problem, we selected the calculation results of several characteristic points for analysis. These results are expected to not only reflect the maximum stress value but also show the moment of the maximum value. This condition is reflected with the feature point process line. The feature points of the central section of the steep dam section and stilling basin are shown in Figure 5 .
Parameter model
The concrete of the dam body is four-graded concrete. (The gradation of concrete is divided according to the gradation of the aggregate. The aggregate of four- Depending on the experimental data (Table 1) , the formula of the adiabatic temperature rise of concrete is fitted in equation (19) . Similarly, the fitting formula of elastic modulus is shown in equation (20) based on the experimental data (Table 2) . 
Self-grown volume deformation model. Directly inputting the experimental data (Table 3 ) of each age in the program and the deformation values between ages is achieved by spline function interpolation.
Temperature-control measures during the construction of steep slope dam
This section presents the study on the temperature stress conditions of dam concrete under different temperature-control measures. Considering space limitations, we present three schemes on the basis of past engineering experience with special high-altitude climatic conditions. The difference between the former two schemes is the high level of SCZ, and the difference between two schemes is the pouring temperature. On the basis of this study, we obtain economical and reasonable measures for temperature control and crack prevention that are suitable to the selected area. The calculation scheme is shown in Table 4 .
Influence of the height of SCZ and cooling mode on temperature stress
This section presents the study on the influence of the height of the SCZ at the constraint zone of the foundation on the temperature of the dam concrete and stress.
Operating modes 1 and 2 differ in terms of number and height of cooling zones (Table 4) . Table 5 lists the results on the influence of the number and height of cooling zones on the temperature stress of the dam concrete. Figures 6 and 7 illustrate the temperature and stress process line at the characteristic points of different operating modes. The diagrams demonstrate the following:
1. The height of the SCZ and the different cooling means have little effect on the maximum temperature. The highest temperature in the scheme for the SCZ is generally 24.15°C. 2. The height of the SCZ is 27 m, and the simultaneous cooling scheme begins at the intermediatephase cooling. As a result of the small temperature difference and synchronous deformation between the upper and lower concreting areas, the constraint reaction on the concrete foundation is relatively small. However, given that the constraint zone of such dam foundation is steep and slopes with a 43 m axial height exist in the axial and along-river directions, the foundation constraint surface significantly increases.
Furthermore, the foundation constraint reacting on the dam body is evident, and the along-river stress at the middle of the strong constraint zone is high with the maximum stress being 1.65 MPa, and the safety coefficient is 1.53. SCZ: simultaneous cooling zone; (1) s x refers to the along-river stress; (2) k refers to the safety coefficient. Depending on the control of the design strength for 180 days, the tensile strength of four-graded concrete is 2.37 MPa; (3) 18 + 27 represents the first SCZ at 9 m and the second SCZ at 18 m; the same is used hereafter.
3. Two SCZs are set above the elevation of 3300 m with a height of 27 m, which is basically within the slope range, starting from the intermediate-phase cooling. Changes in the height and cooling mode cause significant variations in the maximum stress at the middle of the strong constraint zone. As a result, the maximum stress falls to 1.40 MPa with a safety factor of 1.81, which increases evidently in comparison with that at operating mode 1.
The influence of the height and number of SCZs on concrete stress is evident, especially for steep dam sections such as the no. 13 dam section. SCZs can substantially affect concrete stress. The number and height of SCZs at this steep dam section should be increased as much as possible to wrap up the slope height and decrease the temperature stress. The result is the reduction in stress at the strong constraint zone and at the end of the second-phase cooling.
Influence of concreting temperature on temperature stress
In this section, the influence of different concreting temperatures on the temperature stress of the dam body is studied. Table 6 shows the results of the temperature stress of the dam body concrete at different concreting temperatures. Figures 8 and 9 illustrate the temperature and stress process line at the characteristic points of different operating modes, respectively:
1. When the concrete lift thickness at the strong constraint zone is 1.5 m, the temperature of the concrete poured during summer and the concreting temperature are 12°C and 14°C, respectively. Whenever the concreting temperature rises by 2°C, the maximum temperature of the dam concrete increases by approximately 0.8°C, the maximum stress increases from 1.40 to 1.45 MPa at 0.05 MPa increments, and the safety coefficient of crack resistance decreases from 1.81 to 1.74. 2. When the concrete lift thickness at the weak constraint zone and free zone is 3.0 m and the concreting temperature increases by 2°C, the maximum temperature of the dam concrete increases by approximately 1.48°C, and the maximum stress at the free zone increases by about 0.02 MPa. This change is due to the cooling pipe interval becoming 1.5 3 3.0. 3. Under the same conditions of the temperaturecontrol measures, the increase in the maximum temperature caused by the increase in concreting temperature causes increases in the maximum temperature of the concrete, temperature difference at the foundation, and maximum tensile stress. Reducing the concreting temperature can result in improved temperature control.
Temperature control and crack prevention for stilling basin
Basic operating mode
The height of the stilling basin is relatively small. The entire structure falls within the scope of the strong constraint area of the bedrock. The requirements for temperature control and crack prevention measures are stringent. In this section, we present three schemes for temperature stress analysis. We establish Scheme 1 depending on engineering experience. On the basis of this scheme, the approach to water cooling is adjusted to achieve economical and optimal temperature control and crack prevention. The calculation schemes of the stilling basin are shown in Table 7 .
Absence of water cooling Table 7 shows the specific schemes for exploring the distribution law of concrete temperature and stress without water cooling. Table 8 presents the results of temperature stress. Figures 10 and 11 present the temperature and along-river stress process lines of concrete, respectively. The diagrams indicate the following:
1. When no water cooling measures are available, the maximum temperature of the concrete reaches 34.2°C and the maximum stress is 2.24 MPa. These conditions occur when the concrete temperature decreases to the stable temperature. The safety coefficient is only 1.34. 2. The stilling basin concrete is a mass concrete structure because of its large thickness (.8 m). By contrast, the stilling basin structure is located at the strong constraint zone, and the stress caused by the shrinkage resulting from the temperature drop is large. Therefore, the measures for water cooling should be considered to reduce the temperature and its variation at the foundation.
Setup of first-phase cooling
Given that no measure for temperature control is available, the maximum temperature inside the concrete, the temperature difference at the foundation, and the concrete shrinkage stress carry large values, whereas the safety coefficient has a low value. The addition of firstphase cooling measures for temperature control is studied in this section to cut the peak of the concrete temperature and reduce stress. Table 9 presents the results of the temperature of the dam body without first-phase cooling. Figures 12 and  13 show the temperature and along-river stress process lines under different operating modes.
The diagrams indicate the following:
1. When the first-phase cooling is added, the maximum temperature decreases from 34.2°C to 27.1°C. With a temperature difference of 4.1°C, the maximum along-river stress decreases from 2.24 to 1.54 MPa, and the safety coefficient increases from 1.34 to 1.95. The first-phase cooling can effectively cut the temperature peak, reduce the temperature difference at the foundation, and reduce the maximum tensile stress.
Setup of intermediate-phase cooling
Given that concrete temperature rebound is high when first-phase cooling is set up, intermediate-phase cooling is planned to be set up in such a way that its effect on temperature and stress can be easily studied. ; target temperature: 16°C. Other parameters are the same as those in operating mode 1.
Optimized scheme (1) Concreting at high temperature during summer; (2) the intermediate-cooling operating mode, which begins at the end of the first-phase cooling; (3) the temperature drop rate of the first-phase cooling is less than 0.5°CÁd 21 . The temperature drop rate of the intermediate-phase cooling is less than 0.3°CÁd 21 ; (4) the structure of the stilling basin is located within the strong constraint zone. The diagrams indicate the following:
1. When intermediate-phase cooling is added, the stress at the later stage declines. When no intermediate-phase cooling is added, the maximum stress at the strong constraint zone is 1.54 MPa, and the safety coefficient is 1.95. When intermediate-phase cooling is added, the maximum stress at the strong constraint zone decreases to 1.38 MPa, while the safety coefficient increases to 2.17. Although the stress at the early stage increases to a certain extent, it remains within the allowed limit with a high safety coefficient.
2. In terms of the concrete of the stilling basin, the optimal temperature-control effect can be achieved by reducing the maximum temperature, the temperature difference at the foundation, and cooling as early as possible.
Conclusion
1. The climatic conditions in high-altitude areas in Tibet are complex. In particular, these areas experience dry climate, large diurnal range of temperature, low average temperature, and strong solar radiation. These characteristics Figure 11 . Along-river stress process line of concrete. make temperature control and crack prevention for mass concrete difficult to achieve. Given that the construction of steep slope dams and stilling basins in such areas is subjected to foundation constraints, crack prevention is a serious challenge. 2. For the reduction of stress in concrete at a strong constraint zone, the height of the SCZ should be increased as much as possible to coordinate the temperature difference and deformation between the concrete lifts and reduce the temperature stress. One SCZ at the height of 27 m should be set up at the foundation constraint zone above the elevation of 3300 m along with simultaneous cooling at the beginning of the intermediatephase cooling. Reducing the concreting temperature can achieve optimal temperature control. 3. Stilling basin concrete is a mass concrete because its thickness is .8 m. It is subjected to strong foundation constraints. If no measure for temperature control is available, the stress becomes large and may cause large cracks. When first-phase cooling is performed, the temperature peak is likely to be cut, the temperature difference at the foundation decreases, and the maximum tensile stress decreases significantly. When intermediate-phase cooling is added, the stress at the later stage can be reduced, and the safety coefficient can be significantly increased for a large safety margin. 
